Abstract: We demonstrate a passively Q-switched erbium fiber laser using titanium dioxide (TiO 2 ) as a saturable absorber. The TiO 2 saturable absorber was fabricated as a polymer composite film and sandwiched between fiber ferrules. Q-switched pulsing starts with the assistance of physical disturbance of the laser cavity (by lightly tapping the cavity to induce instability) at 140 mW and lasts until 240 mW. The repetition rate increases with the pump power from 80.28 to 120.48 kHz. On the other hand, the pulsewidth decreases from 2:054 s until it reaches a plateau at 1:84 s. The Q-switched fiber laser exhibits two competing modes: at 1558.1 and 1558.9 nm as the pump power increases. A high signal-tonoise ratio of 49.65 dB is obtained.
Introduction
Q-switching is a common technique in that is used to produced a pulsed laser output [1] . Q-switching is obtained by modulating the quality factor Q of laser cavity such that a series of short, intense pulses produced, with a higher Q factor resulting in lower losses per oscillation cycle. Thus, the Q factor acts as ratio of energy stored in the active medium to energy lost per oscillation cycle [2] - [4] . The repetition rate of Q-switched lasers is usually in the kHz region, as compared to the repetition rate of mode locked pulse lasers that are typically in the MHz range. Furthermore, the pulsewidth of the Q-switched laser fall within a range of ms to few tens of ns [4] . As a result of this, there has now been a great interest in Q-switched laser because of the advantages of long pulsed lasers in many important applications such as material processing, medicine, environmental sensing, and nonlinear experiments [5] - [7] .
There are two ways to generate Q-switched pulse: active (exploiting, e.g., electro-optic modulator) or passive (using, e.g., saturable absorber) Q-switching. However, passive Q-switching is a more useful and cost-effective way to produce pulsed laser than active Q-switching, which requires additional switching electronics [4] . There are growing interest in Q-switched fiber lasers because of their advantages, including high efficiency, flexibility, compactness, and high spatial beam quality [1] . Furthermore, fiber lasers have significant advantages over their bulk optic counterparts in terms of their small footprint, robust beam confinement and environmental stability, all of which are highly desirable traits for real world applications.
The discovery of graphene by Novoselov et al. [8] , has started a "gold rush" towards understanding and exploiting 2-D materials. More and more 2-D materials are being studied in the quest to find the successor to graphene. It was discovered that 2-D materials reveal different electronic, optical, thermal and mechanical properties from its 3-D form [8] . In the field of optoelectronics, they can be used for photovoltaics, photodetection and photoluminescence. The existence of Pauli blocking property inside these materials enables them to be utilized as saturable absorbers to generate Q-switched and mode-locked lasers. Indeed, 2-D materials such as transition metal dichalcogenides (TMDs) [9] - [11] , which has 60 different variations, has been utilized as saturable absorber to generate passive Q-switched and mode-locked fiber lasers [12] - [17] . Topological insulators such as Bi 2 Te 3 and Sb 2 Te 3 [18] , [19] , which are a class of materials that only permits the flow of electrons on its surface, have also has been successfully demonstrated to achieve Q-switched and mode-locked fiber lasers [20] - [23] .
An ideal saturable absorber has a broadband absorption, ultrafast recovery time (∼ps), low saturation intensity, appropriate modulation depth, high damage threshold as well as cost-and time-efficient to make. Titanium dioxide (TiO 2 ) has a recovery time of ∼1.5 ps when observed using 780 nm, 250-fs laser [24] . Furthermore, an open-aperture Z-scan on TiO 2 films reveals nonlinear optical properties known as saturable absorption and two-photon absorption [25] - [28] . Although the band gap of TiO 2 is ∼3.2 eV (387 nm) [29] - [31] , spectral absorption by TiO 2 can extend until the near-infrared (NIR) region [32] . This can be explained by the quantum size effect of TiO 2 , where the absorption depends on the crystal form and particle size [33] .
In this paper, we introduce TiO 2 as saturable absorber (SA) to generate passive Q-switched fiber laser operating in C-band. Despite having a band gap in the UV region, by using white light source (WLS), we have discovered that the TiO 2 SA absorbs at near infrared region (NIR). When pump power is increased, the repetition rate and pulse width observed are as expected from a Q-switched laser.
Saturable Absorber Q-Switcher

Saturable Absorber Preparation
In this experiment, TiO 2 nanostructures used was obtained from Sigma Aldrich (Malaysia) Sdn. Bhd. and used without further purification. Fig. 1 shows the field emission scanning electron microscopy (FESEM) image, Uv-Vis spectrum and the X-ray diffractions (XRD) pattern of the TiO 2 . The sizes of the nanostructures were in the range of 20-50 nm. The TiO 2 exhibits a strong absorption band at around 354 nm. The TiO 2 provided was of the anatase group. The performance of TiO 2 as a saturable absorber was tested by embedding it into a polymer based thin film. The thin film was developed by heating 1-gram of agar in a 50 ml of deionized water for 15 minutes at 300°C before 0.05 g of TiO 2 was added. The mixture was continuously stirred before being poured into a 25-ml mold. The mixture was left to dry in 27°C environment for 3 days. The thickness of the thin film was measured to be 0.15 AE 0.01 mm. Fig. 1(c) XRD pattern of the TiO 2 (from Sigma Web).
Nonlinear Optical Absorption Characteristics of Titanium Dioxide, TiO 2 Sample
Twin detector technique was used to characterize the nonlinear optical response of saturable absorber titanium dioxide, TiO 2 . The illumination source is a passively mode-locked fiber laser with a repetition rate of 26 MHz, pulse width of 600 fs and 1560 nm central wavelength ð c Þ. The output powers from both detectors were recorded as we gradually decreased the attenuation value.
From the result, the absorption was calculated and later, was fitted using the following saturation model formula [34] :
where ðIÞ is the absorption rate, s is the saturable absorption, ns is the unsaturable absorption, I is input intensity, and I sat is saturation intensity. The absorptions at various input intensities were recorded and plotted as shown in Fig. 2 (a) after fitting using saturation model formula (1). The saturation intensity and modulation depth of the saturable absorber were determined to be 0.013 MW/cm 2 [36] . Fig. 2(b) shows the linear absorption of the titanium dioxide film. It shows that the intensity of white light source decreases slightly with the presence of titanium dioxide, TiO 2 film. This proves that the TiO 2 SA can absorb in the near-infrared region. The range between 1 to 2 in Fig. 2(b) indicates the region of C-band. 
Q-Switched Fiber Laser Setup
Schematic diagram of fiber laser setup is shown in Fig. 3 . Three-meter-long Erbium-doped fiber (EDF) (IsoGain I-25(980/125), Fibercore; cut-off wavelength, 900-970; numerical aperture, 0.23-0.26; absorption 35-45 @ 1550 nm) was used as gain medium and pumped by a 974 nm LD, coupled via 980/1550-nm fused wavelength division multiplexer (WDM). An isolator (ISO) was used to preserve the unidirectional light operation. A 99/1 fiber coupler was spliced into the cavity after the SA. The 1% output port is further divided by 50/50 fiber coupler to enable two simultaneous measurements. Standard single mode fiber (SMF-28) was used for the rest of the fibers. A 500-MHz oscilloscope (YOKOGAWA DLM2054) combined with a 1.2-GHz photo-detector; a radio frequency spectrum analyzer, optical power meter and an optical spectrum analyzer (YOKOGAWA AQ6370C) were used simultaneously to monitor the spectrum, radio-frequency (RF) spectrum, output power, and time profile of the output pulse train, respectively. 
Results and Discussion
Continuous wave laser operation started at pump power of 60 mW; when pump power reached ∼140 mW, Q-switching operation occurred. The initial pulse repetition rate is ∼80.28 kHz, with an output power of 0.148 mW. This corresponds to pulse energy of ∼1.844 nJ and peak power of 0.843 mW. The operation shows a typical signature for Q-switching operation where the repetition rate is pump-dependent up to ∼240 mW as shown in Fig. 4(a) [4] . Pulsing phenomena was not observed before the addition of TiO 2 inside our laser cavity. Therefore, we conclude that; it is the TiO 2 that is responsible for inducing Q-switching pulse in our cavity. When the pump power was increased, the repetition rate increased while the pulse width decreased, consistent with results obtained by other Q-switched lasers [6] , [37] , [38] . Fig. 4(b) illustrates the trends of pulse energy and peak power as a function of input pump power, and it can be seen that for both scenarios the pulse energy and peak power increases as the pump power increases. The output power also increases gradually as the pump power increases, as shown in Fig. 4(c) . Fig. 5(a) shows a pulse profile, having a FWHM $ 3:8 s, comparable with other SAs of Q-switched fiber laser (e.g., gold nanocrystals [37] ). The single-pulse profile shows microstructures that exist along the edge of the pulse, particularly at the peak due to mode beating phenomenon. Fig. 5(b) plots the pulse train for laser output at 210 mW pump power.
One peak is observed at the wavelength of 1558.9 nm as shown in Fig. 6(a) . From Fig. 6(b) , the signal-to-noise ratio of Q-switched fiber laser is over 49.6505, indicating that the Q-switched pulse is in a relatively stable regime. Apart from the fundamental and harmonic frequency peaks, there is no other frequency component in the RF spectrum with wider span signifying that the Q-switched pulse produced is stable. TiO 2 based SAs are capable of generating pulses with narrower repetition rates that those generated by MoS 2 based SAs [13] , [14] , which are typically in the range of 10.6 to 173.1 kHz, but a wider range than MoSe 2 and black phosphorus based SAs, which typically range from 26.5 to 35.4 kHz and 6.98 to 15.78 kHz, respectively [39] , [40] .
Conclusion
We demonstrate a passively Q-switched erbium-doped fiber laser using a TiO 2 based saturable absorber. The saturable absorber absorbs at the C-band, has modulation depth of 26.57%, and has saturation intensity of 0.21 MW/cm 2 . The repetition rate increases from 80.28 kHz to 120.48 kHz, and pulse width decreases from 2:054 s to 1:84 s as the pump power increases from 140 mW to 240 mW. The experimental results verified that the TiO 2 could be used as an effective saturable absorber to generate passive Q-switched fiber laser.
